We investigate experimentally and theoretically the vortex dynamics in a superconducting film with nanoengineered open vortex traps which provide tunable pinning, ranging from no pinning for a certain current direction to finite pinning when reversing the current flow. The design is based on the confinement of the vortex motion within two repulsive walls, one with periodic microprotrusions and the other one smooth. Clear commensurability effects are seen if the bias current drives the vortices inside the traps, whereas these effects are much less pronounced when the current pushes the vortices against the smooth surface. For small periods of the protrusions or large vortex sizes, the properties displayed by the vortices, pushed against these two surfaces of dissimilar roughness can be thought of as due to the change of effective sliding friction.
I. INTRODUCTION
During the past decades we have witnessed a sustained effort to improve the vortex pinning properties of type-II superconductors.
1 Irrespective of the nature of the vortex pinning, i.e., core, electromagnetic, or stress induced, once a vortex is trapped, it needs extra energy to escape from the potential well, the so-called pinning energy U p . A current flowing in the superconductor can provide this extra energy and induce the vortex depinning when J 0 d U p /r p , where J is the electric current density, 0 is the flux quantum unit, r p is the characteristic pinning range, and d is the film thickness. 2 In other words, the higher the current the smaller the influence of the pinning potential. 3 In this work we propose, design, and investigate an artificial pinning landscape based on repulsive pinning centers, [4] [5] [6] [7] which increases its pinning efficiency if a current is applied in certain directions. We rely on a so far unexplored mechanism to control the flow of vortices by changing their effective sliding friction against potential walls of contrasting rugosity. We study a two-dimensional pattern as schematically shown in Fig. 1(a) , where vortices are channeled between a smooth repulsive wall and a rough surface with small protrusions. An external force parallel to the channels will force the flux to flow along them, whereas a force perpendicular to the channels can push the vortices into the grooves [ Fig. 1(c) ] and consequently decrease their mobility or even completely suppress their motion. A perpendicular force in the opposite direction will direct the vortices against the smooth wall, allowing them to move unhindered [ Fig. 1(b) ].
II. SAMPLE DETAILS
To check these ideas, we performed transport measurements on a superconductor-superconductor hybrid system comprising a 50-nm-thick patterned Pb layer deposited on top of a 40-nm-thick Al film . To minimize proximity effects, we separate the Al film from the Pb film with a 10 nm insulating Ge layer. We investigate two coevaporated samples with different Pb patterns: (i) a sample with a periodic array of stripes with protrusions (a = 3.5 μm) where the teeth length and width are l = 1 μm, and the teeth separation is b = 1.5 μm [ Fig. 1(a) ]; and (ii) a reference sample comprising long parallel stripes without protrusions, 1 μm wide and also with a period of 3.5 μm.
In both samples the stripes are aligned at 45
• relative to the transport current direction. Hence, the induced Lorentz force components parallel (F x ) and perpendicular (F y ) to the Pb stripes are the same. By inverting the current polarity (here, positive current means F x < 0 and F y > 0), it is possible to flip both F x and F y . For the sample without protrusions, because of the reflection symmetry along both x and y directions, changing force signs should have no effect on the vortex dynamics. This is not the case for the sample with protrusions: a negative (positive) force F x is expected to push vortices into (away from) the grooves, thus allowing vortices to probe different kinetic frictions. 
III. EXPERIMENTAL RESULTS
The first step consists of demonstrating that the Pb stripes indeed act as repulsive walls. To that end, the sample was zero-field cooled down to a temperature just above the transition temperature of the Al layer (T c0 = 1.323 K). Then a perpendicular magnetic field was ramped up to a given value, H exc , and set back to zero. After that, the superconducting transition of the Al bridge is measured. By adopting a 50% normal state resistance criterion, the transition temperature for different H exc is determined as shown in the inset of Fig. 2 . For H exc < 13 mT we found that the transition temperature is not affected by previous magnetic history, thus indicating that the Pb microstructures are in the Meissner state (i.e., they are not able to trap any magnetic flux). For H exc > 13 mT, the Pb microstructures do trap flux, thus decreasing T c (H ) of the Al film. Hereafter, all measurements have been performed at fields |H | 2 mT, ensuring no vortex trapping in the Pb stripes and a purely repulsive interaction between the vortices in the Al layer and the Pb stripes.
In order to identify the direction of the vortex motion we recorded the voltage drop in the Al bridge parallel (V L ) and perpendicular (V T ) to the current direction as schematically shown in the inset of Fig. 1(a) . From V L and V T we can calculate, by simple geometrical arguments, the voltage response generated by vortices moving parallel to the stripes, V y , and 1.2 perpendicular to them, V x . 8 Note that here the subscripts x and y denote the direction of vortex motion and they are not to be confused with the actual direction of the induced electric field, which is perpendicular to the vortex motion. Since the separation between voltage probes is in both cases 100 μm, as long as the Pb stripes guide the vortex motion exactly at 45
• with respect to the current direction, we should obtain V L = V T . 9, 11 This is indeed observed in Fig. 2 for the sample with protrusions at T = 1.231 K and J = 3 kA/cm 2 for fields |H | 1 mT. Acquiring V L (H ) and V T (H ) simultaneously for different temperatures we can thus define the region where (i) vortices remain pinned (V L = V T = 0), (ii) the Pb stripes efficiently channel the vortex motion (V L = V T = 0), and (iii) vortices in the Al bridge leak under the Pb stripes (V L = V T ). Figure 3 summarizes these measurements for both, the stripes with and without protrusions, for J = 3 kA/cm 2 . The onset of vortex motion is defined when V L + V T > 5 μV, whereas the end of the guidance regime is given by
For the sake of simplicity now we will focus only on the guidance regime where the trajectory of the vortices is confined between two consecutive Pb stripes allowing us to reach a simpler interpretation of the measurements. Within this dynamic regime and for a fixed bias current direction along −x, we expect that vortices of positive polarity (H > 0) will be pushed against the protrusions and tend to be trapped in between them [ Fig. 1(c) ], whereas vortices of opposite polarity (H < 0) will slide with lower resistance when pushed against the smooth surface [ Fig. 1(b) ]. This predicted different dynamics between vortices of opposite polarity is confirmed in Fig. 4(a) by the V y measurements as a function of the normalized external magnetic field H/H 1 , where H 1 = 0.22 mT is the field at which the density of vortices and traps coincide. In this figure it is clearly seen that for all explored fields, the dissipation, i.e., the vortex mobility, is always larger when the vortices are pushed against the smooth border. The signal V y (H ) for the sample without protrusions is also shown here with a continuous line. As expected, no particular features are seen in this curve.
In general as long as the repulsive walls impede the motion of vortices along the x direction, V x (H ) = 0. In Fig. 4(a) , for the sample with protrusions, we show that this scenario takes place for H < H 1 , whereas for H > H 1 some vortices leak through the walls. Interestingly, approaching the field corresponding to two vortices per unit cell, H = 2H 1 , |V x | decreases even though the force against the repulsive wall has increased.
The most striking feature of Fig. 4(a) is that the asymmetry of the voltage response for the array of stripes with protrusions is particularly prominent at a field H = H 1 . In other words, this so-called matching feature is more pronounced for positive fields than for negative fields. The fact that this feature remains located at the same field loci regardless of the temperature, as shown in Fig. 4(b) , suggests that indeed it corresponds to geometrical commensurability effects. One of the most salient results of this paper is that the introduced open traps lead to matching features only if the current pushes the vortices inside the traps.
IV. THEORETICAL MODELING
In order to illustrate how the geometry of our pattern is related to different friction mechanisms for different field polarities and to reveal the vortex trajectories corresponding to each phase in Fig. 4(a) , we performed molecular dynamics simulations of the system discussed above. For that, we model the dynamics of N vortices in a thin superconducting film by the equation of motion is modeled in a simplified way by assuming that each area element of the pattern repels a vortex as a Gaussian barrier; that is,
, where ξ b measures the range of the potential and γ is a normalizing factor. The pattern area has the same geometry described in Fig. 1(a) . We further assume λ = 2.5a, 10 ξ b = 0.1a, and the barrier height U 0 = 0.25 .
The calculations are performed on a 35 × 35 μm 2 simulation cell (thus comprising N g = 10 × 14 grooves) with periodic boundary conditions. For each vortex occupation number n = N v /N g , the system is equilibrated following a standard annealing scheme. Then, the value of the Lorentz force is swept while keeping its orientation fixed at either θ = ±45
• with respect to the long bars (y axis), thereby allowing vortices to probe either smooth or rough sides of the channels. • , most vortices follow straightline paths due to the weak interaction with the patterned teeth. In contrast, for θ = −45
• , vortices follow much more tortuous trajectories, trying to avoid the intersection point between the long bars and the teeth. In addition, their dynamics becomes very sensitive to the applied field. Particularly, for n = 1, all vortices become temporarily trapped in the grooves before jumping to the next groove, which results in a slow slip-stick dynamics and the observed dark spots [that is, ρ(x,y) 1] near the grooves corners. 
V. CONCLUSION
A similar concept of "dead ends" was used in the work of Wördenweber et al. 12 in high T c superconducting thin films with a specific arrangement of antidots. In their work, the authors attributed the low current vortex propagation to a novel mechanism based on flux nucleation within the antidots due to the redistribution of screening currents and flux quantization. This mechanism differs from the conventional vortex motion observed in our devices. Also, it is worth noting that unlike in previous works by Pruymboom et al. 13 and Kokubo et al., 14 where vortices were confined by repulsive walls made from a strong pinning superconductor (NbN) with trapped flux on top of a low pinning superconductor (Nb 1−x Ge x ), our device is purely based on Meissner expulsion. The particular choice of orientation of the Pb stripes on top of the Al film has been made merely as a way to illustrate the proof of principle of our device. The observed, currentdirection-dependent, vortex trapping could also be used to rectify vortex motion. 12, 15, 16 In addition, more controllable systems can be obtained by combining two independent current sources along the x and y directions. [17] [18] [19] In this case a vortex transistor can be developed where large voltage drops due to vortex motion along the y direction can be controlled with small forces or gating in the x direction. We expect the observed, current-direction-dependent, vortex-trapping mechanism can be magnified by making more repulsive cages with higher T c superconductors or magnetic templates with out-of-plane moment. Other measurements performed by us on different samples with the similar design, show the guidance can be greatly improved by making the Meissner stripes wider.
